This contribution deals with our recent study of antibaryon interactions with the nuclear medium within the relativistic mean-field approach using antibaryon coupling constants consistent with available experimental data. We performed calculations ofB (B =p,Λ,Σ,Ξ) bound states in selected nuclei. Due to the lack of information on the in-medium antihyperon annihilation near threshold only thep absorption was considered. It was described by the imaginary part of a phenomenological optical potential fitted top-atom data. The annihilation was treated dynamically, taking into account explicitly the reduced phase space for annihilation products in the nuclear medium, as well as the compressed nuclear density due to the antiproton. The energy available for the annihilation products was evaluated self-consistently, considering additional energy shift due to particle momenta in thep-nucleus system. Correspondingp widths were significantly reduced, however, they still remain sizable. Next, thep-nucleus interaction was constructed using the latest version of the ParisNN potential. Related scattering amplitudes were used to define the complexp optical potential in the nuclear medium. The resultingp 1s binding energies are about 10% smaller and widths about 20% larger than those obtained with the phenomenological approach.
Introduction
The antibaryon-nucleus interaction is an interesting and topical issue in view of the future experiments at FAIR facility. Its study could provide us with information about the behavior of an antibaryon inside the medium as well as nuclear dynamics. Moreover, it could serve as a test for models of (anti)hadron-hadron interactions. In particular, much attention was devoted to thē p-nucleus interaction and possible existence ofp-nuclear quasi-bound states [1] . It was argued in Ref. [1] that the phase space forp annihilation products in the medium could be substantially suppressed so thatp could live relatively long inside the nucleus.
In this contribution, we report on our recent self-consistent calculations ofB bound states in various nuclei using G-parity motivated coupling constants. Special attention was devoted to calculations ofp-nuclear bound states, which were performed using a phenomenological optical potential as well as microscopic ParisNN potential.
In Section 2, we briefly introduce the model used in our calculations. Our results are presented in Section 3 and conclusions are drawn in Section 4.
Model
The interactions of an antibaryon with A nucleons are studied within the relativistic mean-field approach (RMF) [2] . In this model, the (anti)baryons interact among each other by the exchange of the scalar (σ ) and vector (ω µ , ρ µ ) meson fields, and the massless photon field A µ . The equations of motion are derived from the standard Lagrangian density L N extended by the Lagrangian density LB describing the antibaryon interaction with the nuclear medium using the variational principle (see Ref. [3] for details). The Dirac equations for nucleons and antibaryon read:
where
are the scalar and vector potentials, respectively. Here, α denotes single particle states, m j stands for (anti)baryon masses and g σ j , g ω j , g ρ j , and e j are (anti)baryon coupling constants to corresponding fields. The Klein-Gordon equations for the meson fields involve additional source terms due to the antibaryon:
where m σ , m ω , m ρ are the masses of considered mesons and ρ S j , ρ V j , ρ I j and ρ Q j are the scalar, vector, isovector and charge densities, respectively. The system of coupled Dirac (2.1) and KleinGordon (2.3) equations is solved self-consistently by iterative procedure.
The values of the nucleon-meson coupling constants and meson masses were adopted from the nonlinear RMF models TM1(2) [4] for heavy (light) nuclei and from the NL-SH model [5] . The hyperon-meson coupling constants for the ω and ρ fields were derived using SU(6) symmetry relations. The values of the σ coupling constants were obtained from fits to available experimental data -Λ hypernuclei [6] , Σ atoms [7] , and Ξ production in (K + , K − ) reaction [8] .
TheB-nucleus interaction is constructed from the B-nucleus interaction with the help of the G-parity transformation: the potential generated by the exchange of the ω meson changes sign due to the G-parity and becomes attractive. The G-parity is surely a valid concept for the long and medium rangeB potential. It yields a very deepB-nucleus potential, e. g., thep potential would be about 750 MeV deep inside a nucleus. However, theB annihilation, which is a dominant process in the short range interaction, and various many-body effects could cause significant deviations from the G-parity values in the nuclear medium. Indeed, the experiments with antiprotonic atoms [9] andp scattering off nuclei at low energies [10] suggest that the real part of thep-nucleus potential is 100 − 300 MeV deep in the nuclear interior. Therefore, we introduce a scaling factor ξ for the antibaryon-meson coupling constants which are in the following relation to the baryon-meson couplings:
In this work, we consider the value of ξ = 0.2 − 0.3 which is in accordance with the experimental data fits. We assume the same scaling for antihyperons, as well, due to the lack of experimental information on antihyperon interactions. The realistic description ofB-nucleus interaction should involveB absorption in the medium. In our calculations, only thep absorption in a nucleus has been considered since we found no experimental information on antihyperon annihilation in the medium. Thep absorption is described by the imaginary part of the optical potential in a 'tρ' form adopted from optical model phenomenology [9] : where µ is thep-nucleus reduced mass. The density ρ(r) is evaluated dynamically within the RMF model, while the parameter Imb 0 = 1.9 fm is determined by fitting thep atom data [9] . The effective scattering length Imb 0 describes thep absorption at threshold and, therefore, we evaluate the suppression factor f s for a given decay channel to account for reduction of the phase space available for decay products of thep annihilation in the nuclear medium. The absorptivep potential then acquires the form 6) where B c is the branching ratio for a given channel (see Ref. [3] for details). The calculated phase space suppression factors as a function of √ s for all channels considered are depicted in Figure 1 . Next, we construct thep optical potential using the S-wavepN scattering amplitudes derived from the latest version of the ParisNN potential [11] . The free-space amplitudes are modified using the multiple scattering approach of Wass et al. [12] to account for Pauli correlations in the medium. The in-medium isospin 1 and 0 amplitudes are of the form
Here, fp n and fp p denote the free-space amplitudes as a function of δ √ s = √ s − E th ; ρ is the nuclear core density distribution and ξ k is taken from Ref. [13] . In Figure 2 , there are free-spacepN amplitudes compared with the in-medium modified amplitudes at ρ 0 as a function of energy. Both amplitudes vary significantly with energy below threshold. The peaks of the in-medium amplitudes are lower in comparison with the free-space amplitudes and are shifted towards threshold. The Swave optical potential is of the following form:
where ρ p (ρ n ) is the proton (neutron) density distribution and the factor √ s/m N transforms the in-medium amplitudes to thep-nucleus frame.
The energy relevant for thep scattering amplitudes and suppression factors in the nuclear medium is defined by Mandelstam variable 9) where E N = m N − B Nav , Ep = mp − Bp, B Nav and Bp are the average binding energy per nucleon and thep binding energy, respectively. In the two-body c.m. frame p N + pp = 0 and Eq. (2.9) reduces to
However, in thep-nucleus frame the momentum dependent term in Eq. (2.9) is no longer negligible [14] and provides additional downward energy shift. Then the Mandelstam variable can be rewritten as
where T Nav is the average kinetic energy per nucleon and Tp represents thep kinetic energy. The kinetic energies were calculated as the expectation values of the kinetic energy operator
△, where m * j = m j − S j is the (anti)nucleon reduced mass.
Results
First, we performed self-consistent calculations of 1sB bound states in various nuclei using the RMF model with G-parity motivated coupling constants, introduced in previous section. Then, we considered thep absorption inside the nucleus. Thep absorption was described by the imaginary part of the phenomenological optical potential. Finally, we studiedp quasi-bound states within the latest version of the ParisNN potential. In Figure 3 , there is the total potential acting on an extra baryon and extra antibaryon in the 1s state in 16 O, calculated dynamically (i. e., the core polarization effect due toB was considered) in the TM2 model. All antibaryons feel attractive potential due to the G-parity transformation (note that evenΣ 0 feels attraction inside the nucleus). The depth of the potential felt byB is deeper than the one felt by B inside the nucleus and indicates that the antibaryons would be strongly bound in the medium. Figure 4 presents corresponding 1s binding energies ofB bound in nuclei across the periodic table, calculated dynamically in the TM model and ξ = 0.2. Thep is the most bound antibaryon in all nuclei considered since it feels the deepest potential inside the medium. Thē Λ,Σ 0 andΞ 0 are bound less due to the weaker couplings to the meson fields. It is to be noted that the presented binding energies were calculated in two models, the TM2 model for 6 Li, 12 nuclear compressibility and different magnitudes of the σ and ω fields and, therefore, the binding energies do not grow with the increasing mass number A as would be expected (see Ref. [3] for more details).
Next, we considered thep absorption inside the nucleus by adding the imaginary part of the phenomenological potential to the realp-nucleus potential evaluated within the RMF approach. In Figure 4 ). On the other hand, thep widths are sizable in the two-body c.m. frame and are significantly reduced after including the momentum dependent term in √ s. However, they still remain large.
We performed a comparable study ofp-nuclear quasi-bound states using the microscopic Paris NN S-wave potential. The resulting 1sp binding energies and corresponding widths are presented in Figure 6 . Thep binding energies and widths calculated using the phenomenological approach within the NL-SH model are shown for comparison. The Paris S-wave potential yield smallerp binding energies than the phenomenological potential in all nuclei considered. Thep widths exhibit the same A dependence, however, they are much larger than those calculated with the phenomenological potential. It is to be noted that the ParisNN potential contains sizable P-wave interaction which should be included in the calculations. Such calculations have been performed recently and will be published elsewhere.
Conclusions
We performed self-consistent calculations of antibaryon-nucleus bound states in selected nuclei. First, theB-nucleus potential was constructed within the RMF approach using the G-parity motivated coupling constants properly scaled to fit available experimental data. The real parts of the potentials felt byB inside nuclei are attractive and fairly deep due to the G-parity transformation. In our calculations, we considered only thep absorption inside the nucleus so far. The absorption was described by the imaginary part of the phenomenological potential. The phase space suppression factors entering the phenomenological potential were evaluated self-consistently using √ s for the two-body frame andp-nucleus frame. It was found that the energy shift due to N andp momenta significantly reduces thep widths. However, they still remain sizable for potentials consistent with p-atom data. Next, we performed calculations ofp-nuclear quasi-bound states using the optical potential constructed from the ParisNN S-wave scattering amplitudes. The free-spacepN amplitudes were modified in order to account for Pauli correlations in medium. The resulting 1sp binding energies are about 10% smaller and widths about 20% larger than those calculated with the phenomenological approach.
